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Introduction 

Precise  determination o f  sulfur contents i n  f u e l  o i l s  has become more important 
for  qua l i ty  cont ro l  by re f iner ies  and qual i ty  monitoring by enviromental agencies. 

Of the  many t e s t  methods used f o r  determining s u l f u r  contents i n  f u e l  o i l s ,  t h e  
bomb method(ASTM D 129) i s  considered t o  be the  world-wide standard. However, t h i s  
method requires  severa l  hours running time, and t h e  r e s u l t s  can vary grea t ly  depend- 
ing upon t h e  s k i l l  of t h e  analyst  running t h e  t e s t .  

, 

A rapid and exact method i s  required t o  rout inely analyze su l fur  contents i n  
fue l  o i l s ,  and t h e  method should be easy t o  operate and t o  maintain. To meet these 
requirements, non-dispersive x-ray s u l f u r  analyzers which u t i l i z e  e i t h e r  a radioiso- 
tope such as 55-Fe or  a small x-ray tube as the fluorescent x-ray generator have been I 
developed by many manufacturers. This kind of  analyzer i s  reportedly superior  i n  
terms of speed, accuracy, economy and ease of operation and maintenance as compared ‘ 
t o  a combustion method such as the bomb method(1). However, the  accuracy of the re-  ‘ 
sults i n  t h e  x-ray method cannot be b e t t e r  than t h a t  of the  standards with which t h e  
unknowns are  compared. Also, it w a s  found during our  research t h a t  f a i r l y  large e r rors  ’ 
can a r i s e  from t h e  following items. (It should be noted, however, t h a t  these e r rors ,  
though la rge ,  r a r e l y  exceed the  allowable errors  c i t e d  i n  ASTM methods ) :  

( i )  Peak overlapping between the S-KX spectrum and C1-KX spectrum, 
(ii) The use of a l i n e a r  approximation f o r  the  working curve, and 
(iii) Differences i n  composition between the  standards and the  unknowns, especial ly  
in  the carbon-hydrogen weight ratio(C/H) of the hydrocarbon port ion of these o i l s .  

With respect  t o  i t e m ( i ) ,  most manufacturers have already solved the  problem. 
The most s t ra ightforward way of doing t h i s  is by inser t ing  a sulfur-containing f i lm 
between the  sample and t h e  x-ray de tec tor ,  s ince t h e  Cl-KX spectrum is f i l t e r e d  out 
by such film. However, o t h e r  method have a l s o  been successful. 

The e r r o r  due t o  i t e m ( i i ) ,  can be  reduced by narrowing the  in te rpola t ion  range 
of the  standards t o  be used for  t h e  ca l ibra t ion .  In f a c t ,  many labora tor ies  where sul- 
fur  contents of t h e  samples t o  be analyzed are  l imi ted  t o  a cer ta in  range can apply 
the  l i n e a r  approximation without not iceable  l o s s  of accuracy. However, i n  analyzing 
samples which spread over a wide range of su l fur  contenfs, reca l ibra t ions  should be 
made severa l  times a day so tha t  the  working range of the  approximation is small 
enough t o  insure t h e  accuracy desired. The reca l ibra t ion  i t s e l f  i s  very troublesome 
f o r  analysts  i n  rout ine analysis .  

experimentally i f  the compositions of both t h e  standards and the samples a r e  known. 
However, it i s  tedious t o  determine these compositions. 

With respect  t o  i t e m ( i i i 1 ,  t h e  e r r o r  can be corrected e i t h e r  theore t ica l ly  o r  

To cor rec t  these  e r r o r s  automatically, a new type of analyzer was developed. I n  
t h i s  paper, the  improvements i n  t h i s  analyzer compared t o  t h e  prototype(Rigaku Sulfur- 
X) w i l l  be reported. I n  addition t o  t h i s ,  the  r e s u l t s  of t e s t s  on a variety of samples 
w i l l  a l so  he described. 
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Instrument 

The non-dispersive x-ray s u l f u r  analyzer discussed i n  t h i s  paper consis ts  of t h e  
prototype plus addi t ional  components as described below. Figure 1 is a schematic dia- 
gram Of t h e  apparatus with t h e  broken l i n e s  denoting newly i n s t a l l e d  conponents, i . e .  
' 9 ' ,  'lo', '13' and '161.  Component ' 10 '  ca lcu la tes  t h e  r a t i o  between t h e  S-KX spec- 
trum in tens i ty(  ' 8 ' )  and the  sca t te red  rad ia t ion  i n t e n s i t y ( ' 9 ' ) .  Since the  fac tors  in- 
fluencing t&e absolute  in tens i ty  of t h e  S-KX spectrum(e.g., d i f ferences i n  composi- 
t i o n ,  instrumental var iab les ,  and atmospheric changes) a l s o  inf luence t h e  s c a t t e r e d  
rad ia t ion  in tens i ty  t o  the  same degree, using t h e  r a t i o  ins tead  of t h e  absolute in- 
t e n s i t y  cor rec ts  f o r  these fac tors .  

shown below(Eq.1). 

2 

Block '17' calculates  t h e  values of t h e  constants  i n  t h e  ca l ibra t ion  equation 

1) S = a I  + b I + c  

where S i s  the sulfur content, I i s  t h e  x-ray i n t e n s i t y  ra t io 'between the  S-KX spec- 
trum and t h e  s c a t t e r e d  rad ia t ion ,  and a ,  b and c a r e  constants. To determine these  
constants ,  th ree  standard s m p l e s  whose su l fur  contents a r e  exact ly  known a r e  sequen- 
t i a l l y  measured with the  analyzer s e t  on mode 'C'(see Fig.1). These constants ,  once 
determined and s tored  i n  t h e  memory of the  ca lcu la tor ,  can be used f o r  about one 
year  without loss of accuracy, s ince t h e  r a t i o  ca lcu la tor  '10' seems t o  b e  a l so  ef- 
fec t ive  i n  correct ing t h e  long term dr i f t  of t h e  analyzer. 

Preliminary Tests 

To compare the  performance of the  modified analyzer t o  t h a t  of t h e  prototype,  
analyses were made on prepared samples. The samples consis ted of white o i l  plus di- 
bu ty l  di-sulfide(DBDS). Di-butyl di-sulf ide has recent ly  been o f f i c i a l l y  c e r t i f i e d  by 
the  Japanese government as t h e  s u l f u r  compound f o r  x-ray ca l ibra t ion  purposes and is  
now widely used i n  Japan. 

As can be seen i n  Fig.2, t h e  re la t ionship  between t h e  content and t h e  i n t e n s i t y  
i s  not  l i n e a r .  Thus, i f  t h e  working curve i s  approximated wi th  a s t r a i g h t  l i n e ,  f o r  
example, ranging from 0 Wt% t o  6 w t % ,  t h e  maximum e r r o r  reaches 0.31 w t %  at  the  mid 
point  of t h e  curve, as  i l l u s t r a t e d  i n  Fig.3(b). It  was rec'ognized t h a t  t h e  re la t ion-  
ship shown i n  Fig.2 can be more accurately expressed by a quadrat ic  equation r a t h e r  
than a l i n e a r  equation. Thus, a quadrat ic  approximation was s e t  up using c a l i b r a t i o d  
standards containing 0 ,  3 and 6 w t %  su l fur .  The r e s u l t s  shown i n  Fig.3(b) c l e a r l y  in-  
d ica te  t h a t  t h e  use of  t h i s  quadratic approximation grea t ly  reduced the  difference 
between t h e  measured value and ac tua l  value of  t h e  s u l f u r  content. The naxinum e r r o r  
observed was 0.01 w t % .  

were analyzed by using ca l ibra t ion  standards of low C/H. I n  t h i s  case,  t h e  standards 
were prepared from decalin(C/H=6.7) plus  DBDS, while t h e  unknowns were prepared from 
tetralin(C/H=lO. 0 plus  DBDS . 
corrected by using t h e  follwing empirical equation, 

As shown i n  Fig.b(a) ,  f a i r l y  la rge  e r r o r s  were observed when samples Of high C l H  

It w a s  previously reported by one of  t h e  authors(2)  t h a t  t h i s  e r r o r  could b e  

AS = -0.013 S (C/Hstd- C/Hunkn) 2)  

where S i s  the  observed su l fur  content and AS the  value t o  be added t o  the observed 
s u l f u r  content. In t h e  above-referenced s tudy,  t h e  f a c t o r  0.013 was determined ex- 
perimentally by using the  prototype x-ray analyzer. To use Eq.2, one must know C / H  
values f o r  both t h e  standards and the  unknowns. An a l t e r n a t i v e  expression can a l s o  be 
obtained by using the spec i f ic  gravi ty  p ins tead  of C / H ,  s ince  it was found t h a t  C/H 
i s  roughly r e l a t e d  t o  P as follows: 

C / H  = 8.02 p - 1.06 3)  
thus,  AS = 0.115 S Ap 4)  
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where A P  = Pstd- PUkn 5 )  

I t  has been reported(3) t h a t  t h e  e r r o r  due t o  t h e  C/H difference i n  t h e  standards 
and the  unknowns can be e f fec t ive ly  el iminated by using the  sca t te r ing  in tens i ty  of 
the  sample as an in te rna l  standard. In t h e  modified analyzer, the  e f f e c t  of t h e  compo- 
s i t i o n a l  differences between t h e  s tandards and t h e  unknowns are  automatically compen- 
sa ted  by i n s t a l l i n g  a s c a l e r  f o r  t h e  s c a t t e r e d  rad ia t ion( ’9’ )  and a r a t i o  calculator  
( tlOl). Figure 4(b)  shows the  results obtained by using the  modified analyzer f o r  
t e s t i n g  the  same combination of standards and unknowns t e s t e d  on the prototype. Since 
the errors  observed using t h e  modified analyzer were much smaller than those observed 
using the prototype, we f e e l  t h a t  t h e  modified analyzer can be used i n  a wider range 
of applications than was previously possible .  

t o  the coexistence of chlorine i s  very small ,  and t h a t  t h e  e f f e c t  of the  C1-KX spec- 
trum is adequately reduced by t h e  f i l t e r .  Without a f i l t e r ,  o r  other  device f o r  elim- 
inat ing the  C1-Kx spectrum, e r r o r s  can be very large as seen in  Fig.5(b) .  

i 
The r e s u l t s  i l l u s t r a t e d  i n  F ig .5(a)  ind ica te  t h a t  the  magnitude of the  e f fec t  due , /. 

I 
T e s t  Results 

r 

To examine practical. usage of the  analyzer, analyses were made on a var ie ty  of 
fue l  o i l s  whose charac te r i s t ics  a re  out l ined  i n  Table 1. Sulfur contents f o r  these 
samples had been previously determined by the  quartz tube method(J1S K 2541-1971) in  
several  inter- laboratory t e s t s .  The s tandard samples f o r  ca l ibra t ion  were made from 
white o i l  plus DBDS. Sulfur  contents of these standards were 0 ,  1 .5  and 3.0 w t % .  In 
t h i s  se r ies  of measurements, th ree  100 sec integrat ions were made f o r  each sample, 
and the  r e s u l t s  were averaged. The results of the  analyses are  shown i n  Fig.6, where 
the  horizontal  axis  ind ica tes  t h e  s u l f u r  content determined by the quartz tube method, 1 

and the  v e r t i c a l  axis indicates  t h e  difference between the  s u l f u r  leve l  determined by 
the x-ray method and t h a t  determined by the quartz tu5e method(in the  case of fuels  
used i n  inter- laboratory t e s t s )  o r  t h a t  c e r t i f i e d  by NBS o r  J P I ( i n  t h e  case of stand- 
ard reference mater ia l s ) .  

samples analyzed, and within t0.02 w t %  f o r  a l l  of the  samples analyzed(ranging up t o  
3.3 w t %  su l fur  contents) .  

prepared from white o i l  plus DBDS can be used f o r  ca l ibra t ion  without loss of accura- 
cy, in  s p i t e  of the  f a c t  t h a t  t h e r e  a r e  many differences i n  composition between the  
standards and t h e  unknowns, such as  C / H ,  quant i ty  of ash, chlorine content ,e tc .  

r 

It can be seen from Fig.6 t h a t  t h e  e r r o r s  a r e  within fO.01 wt% f o r  most of  t h e  

Since the  observed er rors  a r e  so s m a l l ,  we can conclude t h a t  standard samples 

Conclusion 

A non-dispersive x-ray s u l f u r  analyzer which consis ts  of the prototype “Rigaku 
Sulfur-X” plus addi t ional  mechanisms f o r  correct ing various matrix e f f e c t s  was devel- 
oped. 

Test r e s u l t s  made on a v a r i e t y  o f  fue l  o i l s  indicated t h a t  the modified analyzer 
can accurately measure s u l f u r  contents  of f u e l  o i l s (wi th in  tO.01 w t %  of the  ac tua l  
value) by using cal ibrat ion standards prepared from white  o i l  plus di-butyl di-sul- 
f ide.  
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A :  In t ens i ty  mode 
B: Measuring mode 
C :  Cal ibrat ion mode 

1. x-ray tube 
2. x-ray detector 
3. pre-amplifier 
4. linear amplifier 
5 .  lower l eve l  discriminater 
6.  higher l eve l  discriminater 
7. anti-coincidence 
8. s ca l e r  f o r  S-m spectrum 
9. s ca l e r  fo r  sca t te red  rad ia t ion  1 4 .  su l fu r  content f o r  r b . 1  std.(manual input )  

10. r a t i o  ce lcu la tor  15. su l fu r  content f o r  N0.2 std.(manual i npu t )  
11. sca le r  fo r  No.1 standard 16. su l fu r  content fo r  Iio.3 std.(manual input )  
12. sca l e r  for  No.2 standard 17. ca lcu la tor  fo r  working equation 
13. sca l e r  fo r  No.3 standard 18. ind ica tor  

Fig.1 Schematic diagram of the  non-dispersive x-ray su l fu r  analyzer 

Rote: t he  blocks surrounded by s o l i d  l i nes  are those of t he  prototype. 
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Fig.6 Analytical r e s u l t s  for a var ie ty  of fue l  o i l s  

A: Samples which had been used and analyzed i n  inter- laboratory 
t e s t s  by quartz tube method(J1S K 2541-1971). 

0 :  Standard reference mater ia l s (mS and JPI). 
Horizontal ax is :  Sulfur  content e i t h e r  determined by quartz tube 

method or c e r t i f i e d  by NBS or JPI .  
Vert ical  ax is  : The difference AS ( w t x )  given by following equ- 

a t ions ,  

= 'quartz- 'x-ray 

SX-W AS = Ss, - 

Table 1. Character is t ics  of the  sample o i l s *  analyzed 

Term Range 

C/H (wt%/wt%) 6.0 - 8.5 
Sulfur  content ( w t X )  0.1 - 3.4 
Ash (wt%) 0.01 - 0.2 
POW point  ("c) -10 - +35 
Viscosity,@50°C (cSt )  2.5 - 200 

0.84 - 0.95 Speci f ic  gravi ty  (15/hoC)  
Chlorine content**(wt%). 0 - 0.5 

These samples had been analyzed previously i n  

** Chlorinated paraffins were added t o  some of  the  
inter- laboratory tests. 

sample o i l s  f o r  t h e  aajustment of C1 contents. 
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